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To create a high-performance lithium-ion battery, a new anode material is needed. We study the structure,
dynamics, and mechanical properties of a promising anode silicene/graphite material subjected to the trans-
mutation neutron doping. The motion of the lithium ion under electric field along a silicene channel located on a
graphite substrate was studied. The concentration of phosphorus in the walls of the silicene channel varied from
3% to 18%. The concentration of nitrogen in the graphite substrate was 5%. Both the gap and the amount of
phosphorus in the channel walls were found to affect the movement of the lithium ion along the channel. As a

rule, strong stresses in the silicene sheets are not observed during the movement of the Li* ion along the channel.
The maximum values of local stresses arising in the walls of the channel turn out to be slightly sensitive both to
the doping degree of silicene and to the size of the channel gap. The top sheet of the silicene channel always has a
larger roughness than the bottom one. To use silicene in a lithium-ion battery, the maximum doping degree of
silicene with phosphorus should not exceed 9%.

1. Introduction

The use of anode materials with layered structures leads to the cre-
ation of large adsorption surfaces. That help to achieve a significant
charge capacity of the electrode [1]. Also, in such electrodes, the
diffusion path becomes shorter and faster. This is important for
obtaining a higher battery charge rate. Silicene is a 2D silicon structure
with a buckled monoatomic layer. This is a silicon analog of graphene.
Both in graphene and in silicene, electrons behave like massless fer-
mions in the vicinity of the Dirac points [2]. The non-flat (i.e. bending)
structure of silicene makes it more suitable than graphene for many
applications [3]. Silicene has unique features such as the quantum spin
Hall effect, large spin-orbit interaction and tunable band gap [4].

Due to sp>-hybridization and dangling edge bonds, self-standing sil-
icene has low stability and, probably, cannot exist without a substrate
[5]. The stability of silicene increases with increasing number of layers
[6]. The bilayer silicene on the graphite substrate formed from graphene
sheets is a stable structure. It is resistant to lithiation/delithiation pro-
cesses, even in the presence of the large number of vacancies [7]. A
certain affinity between the structures of silicene and graphene plays an
important role here.

The silicene surface can be easily functionalized [8]. The necessary
mechanical and electronic properties of the silicene structure can be
tuned by doping. Various techniques could be used for doping of silicon:
rapid-thermal diffusion from spin-on doping sources [9], accelerated
diffusion of phosphorus in a single crystal of silicon, which takes place
during the decomposition of the over-saturated inhomogeneous solid
solution [10], low-temperature molecular beam epitaxy [11],
high-temperature ion implantation [12]. Unfortunately, neither tech-
nique produces a highly homogeneous dopant concentration. In addi-
tion, the ion implantation can result in the unwanted lattice defects in
the semiconductor. The method of neutron transmutation doping has
also become widespread [13]. The significant advantage of this
approach is the possibility to control the amount of dopant and its
uniform distribution over the initial material [14]. As a result of trans-
mutation, phosphorus is formed from silicon, and nitrogen is formed
from carbon.

The electronic properties of free-standing silicene doped with phos-
phorus, as well as the change in its shape, were considered in an ab initio
study [8]. The silicene structure remains unbroken even at high tem-
peratures because the bond between Si and P atoms is very strong. There
is a significant change in the electronic structure of the hydrogenated
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silicene when the phosphorus doping varies from 1.4% up to 12.5%
[15]. Moreover, the higher the phosphorus concentration, the greater is
the difference between the energies of the Fermi level and the maximum
of the valence band (0.13-0.79 eV).

The future of silicene is associated with its possible integration into
the efficient energy, mostly, development of a new generation of energy
storage and autonomous devices such as lithium-ion batteries (LIBs).
Silicon-based electrodes can have a specific capacity of up to 4200 mAh/
g [16]. However, the use of bulk silicon in Li-ion batteries leads to its
degradation during lithiation/delithiation cycles [17]. On the contrary,
the use of a two-dimensional analog of silicon, silicene, can be promising
for improving LIBs. Silicene has a large specific surface area, high me-
chanical flexibility, and electron mobility. So, it can be considered as a
suitable material for LIB. The DFT calculations demonstrated that the
theoretical specific capacity of a single-layer silicene anode is estimated
as 954 mAh/g [18]. For a two-layer silicene anode, it has a value of
1384 mAh/g [17]. It is 2.5-3.7 times higher than that of graphite elec-
trodes. Moreover, the structure of the silicene sheet does not degrade
during lithiation and delithiation [19]. Not only lithium, but also so-
dium batteries can have a greater performance. For example, solid-state
sodium batteries with NagPO4 electrolyte are characterized by the
increased safety and low-cost production [20].

Silicene is noticeably inferior in strength to graphene [21]. The
tensile strength of silicene (23 GPa) is 5-6 times lower than that of
graphene. When silicene with vacancy defects is used in the anode
design (instead of perfect silicene), the high capacity values of the
two-dimensional electrode are achieved [22,23]. The Si-P bond
(~3.1eV) is stronger than the Si-Si (~2.3 eV) and P-P ones (~2.09 eV).
So, it can be expected that doping of silicene with phosphorus can
strengthen the defective silicene [24]. It is of interest to find out, how
promising is to use the phosphorus-doped two-layer silicene as the
anode material of the new generation LIBs.

The present study is aimed at the investigation of the mechanism of
the lithium ion motion along the flat open channel. The channel is
formed by the phosphorus-doped silicene sheets and located on the
nitrogen-doped graphite substrate. In addition, the study of the structure
and mechanical properties of the channel walls as the lithium ion moves
along the channel is also the goal of the present work.

2. Computational methodology

The calculations were performed using the classical molecular dy-
namics (MD) method. The interactions in the silicene sheets and
graphite substrate were described by the Tersoff potential [25]. The
parameters were taken from Ref. [26]. The Tersoff potential was suc-
cessfully used for simulation of 2D systems [5,21-23,27]. It has a good
transferability for bond orbitals. The parameters fitted to the sp®-hy-
bridization can be used to describe the interaction in materials with the
spZ-hybridization [28].

To test the suitability of the Tersoff potential for silicene modeling,
we calculated the elastic properties of the single-layer perfect silicene
using this potential. The elastic moduli of silicene were determined by
applying a uniform deformation of a unit cell at T = 293 K. Two (Cy; and
Cyq2) of five (beside these Cy3, C33, and C44) independent modules of a
hexagonal structure are the most important. Because they correspond to
the isotropic linear elasticity in the plane. The Young’s modulus Y and
Poisson’s ratio v, bulk modulus K and shear modulus G were determined
in terms of the moduli C;; and Cq5 [29] according to
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The calculated values of C;1, Ci2, Y, v, K, and G are presented in
Table 1 together with the corresponding characteristics of silicene
determined using the DFT calculations [30], as well as the characteris-
tics of bulk silicon and graphene. Calculations for graphene were per-
formed by the classical molecular dynamics method using the Tersoff
potential [31].

As it can be seen from Table 1, the elastic moduli (C;; and C;5) and
the Poisson’s ratio calculated using the Tersoff potential are higher than
the corresponding values determined by the DFT calculations [30]. It
can also be noted, that silicene has higher elastic constants as well as
bulk and shear modulus than bulk silicon. At the same time, in com-
parison with graphene, the shear modulus of silicene in the sheet plane
and Young’s modulus are 8.1 and 6.3 times lower, respectively, and
Poisson’s ratio, on the contrary, is 3.6 times higher. Consequently, sili-
cene is much less stiff than graphene.

The interaction between the lithium ion and silicon and carbon
atoms was described by the Morse potential [32] using parameters re-
ported in Refs. [33,34]. The interactions inside the sheets of silicene and
graphene with dopants (phosphorus and nitrogen, respectively) were
taken into account using the Morse potential. The parameters of this
potential were calculated in the DFT model according to the method-
ology reported in Ref. [35]. The obtained parameters of the potential are
provided in Ref. [36]. The Lennard-Jones potential was used to describe
the interactions between graphene sheets in the graphite substrate [37].
The experimental value of the distance rc_¢ between the graphene
sheets and the calculated value of the distance rs;_c between silicene and
the substrate obtained in quantum mechanical calculations [38,39]
were reproduced in the present MD calculations.

The silicene sheet contained 300 Si atoms and had geometric sizes of
5.4 x 4.3 nm (Fig. 1). A unit cell of the defect-free sheet consisted of 18
silicon atoms. In this floral structure of the single-layer silicene, six
atoms of a unit cell were located above the main plane at the distance of
0.074nm. The silicene sheets were displaced (in the xy plane by
0.012 nm) relative to each other forming the Bernal stack (AB). When
the distance between two parallel silicene sheets is sufficient for the
movement of a lithium ion under the applied electric field, it can be
considered that they form a silicene channel. In this case, we will refer to
the silicene sheets as the channel walls. If there is a single Li" ion in the
channel, it will spend most of the time near the channel walls. This is due
to the presence of a molecular force field generated by Si atoms. All
atoms of the system including the Li* ion are involved in the thermal
movement. The interaction of the ion with the electric field is expressed
in the presence of an additional force directed along the vector of the
electric field strength. Usually, in the electric fields which are not so
strong (<106 V/m), this force is small concerning the resulting force
caused by the interatomic interaction.

The gap h, between the silicene sheets varied from 0.60 to 0.80 nm.
The lithium ion was initially placed at the entrance of the channel and
was pushed into it. The lithium ion horizontal coordinates were:
x=0.71nm, y = 2.4 nm. In this case, the Li" ion was located at an equal
distance from the silicene sheets (channel walls), i.e. its 2 coordinate was
hg/2 when it is measured from the position of the lower silicene sheet.

Table 1
Elastic properties of perfect silicene, bulk silicon and graphene.
Elastic properties Ci1 Ci2 Y v K G
(GPa) (GPa) (GPa) (GPa) (GPa)
Perfect silicene 215 97 171 0.45 136 59
(Tersoff)
Perfect silicene, DFT 204 66 182 0.325 112 69
calculations [30]
Bulk silicon 166 64 179 0.278 98 52
Graphene MD 1094 136 1077 0.1248 455 479

calculations [31]
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Fig. 1. Top view of the silicene structure at the initial instant; an outline shows
a surface cell unit of the silicene sheet.

The edge Si atoms in the silicene sheets were fixed [40]. The intensity of
the constant electric field applied to the system was 10° V/m. The di-
rection of the field strength vector coincided with the Ox axis (“zig-zag”
direction). Such field strength is observed in the electrolyte of a real
thin-film LIB when the distance between electrodes is ~3 pm [41]. The
time step At duration was 1-10"®s. The geometric optimization of the
system over 10 000 time steps was performed. After that, the principal
MD calculation began with a duration of 1 million time steps (100 ps) for
each system. As a rule, this time was sufficient for the Li™ ion to pass the
silicene channel located on different substrates [42,43].

To form a doped silicene structure, 9 vacancy defects were created in
each silicene sheet. Then they were filled with P atoms. In other words,
missing Si atoms were replaced by P ones. The filling of nine mono-
vacancies corresponded to 3% of the content of P element, bivacancies —
6%, trivacancies — 9%, and hexavacancies — 18% of the doping element.

Three graphene sheets were stacked (according to the Bernal stack-
ing) to build a substrate on which the silicene channel was located. The
distance between layers in the graphite substrate corresponded to the
experimental data rc_¢ = 0.335nm [38]. The distance between the sil-
icene channel and the substrate was rg;_¢ = 0.286 nm, it was obtained
from ab initio calculations [39]. All three layers of the substrate were
doped with nitrogen atoms. The degree of doping was 5%. Previously, it
was shown in the MD simulation, that the silicene channel modified by
the vacancy defects and located on the graphite substrate appeared to be
more stable to the lithiation/delithiation cycles than the silicene channel
located on any other metal substrates [43]. Therefore, the graphite
substrate is suitable for the lithiation of bilayer silicene.

The problems we solve in the framework of classical molecular dy-
namics have asymmetric boundary conditions. Periodic boundary con-
ditions cannot be used here to expand the system. Therefore, the
boundary conditions were free in all directions. The total size of the
system was 3948 atoms, including 600 Si and P atoms in two doped
silicene sheets, and 3348 C and N atoms in three doped graphene sheets
forming a substrate. The size of the system could influence the time
during which the lithium ion passes the silicene channel: the larger is the
system, the longer it takes the Li* ion to pass the Si channel. However,
the appearance of the vacancy defects in the channel walls (especially
large ones, such as tri- and hexavacancies) reduces the influence of the
size of the system to the time of the lithium ion passage through the
silicene channel.

The calculations aimed at the study of the mechanism of the lithium
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ion transport along the doped silicene channel on the graphite substrate
were performed in two stages. At the first stage, the doping degree of the
silicene sheets was constant (3%), and the h,; gap size varied and cor-
responded to: hy= 0.6, 0.7, 0.75, and 0.8 nm. These computational ex-
periments allowed us to determine the effect of the gap size of the doped
silicene channel on the speed of the lithium ion passage through the
channel. At the second stage of the calculations, the gap size was con-
stant (h, = 0.75 nm), and the doping degree of the silicene sheets varied
and corresponded to the following values: 3%, 6%, 9%, 18%. Analyzing
the results of these calculations, we studied the effect of the phosphorus
concentration on the transport properties of the lithium ion in the
channel. Also, we evaluated the structural rearrangements in the silicene
sheets. They were caused both by the movement of the ion and by the
displacement of the P atoms from their initial locations.

Stresses arising in the silicene sheets of the systems under consid-
eration were calculated by the method described in Refs. [44,45]. The
virial stress can be represented by the virial theorem in the following
form [46]:

N

1 1 ) . )
% =y 2|2 2~ i T ®)

j—1

here (u, @) have x, y, z values of directions, j=1 ... N is the number of
neighbors of the i atom under consideration, r{l is the location of the i
atom in the direction u, f§ is the force acting on the i atom from the side
of the j atom along the direction a, V is the total volume of the system, ng
is the number of the system degrees of freedom, kg is the Boltzmann
constant, T is the temperature of the system. The silicene sheets were
divided into elementary areas. Stresses 6,,(l) arising under the action of
forces of the direction a(=x, y, z) were calculated on every area with the
[ number and u orientation. When summing equation (5), only those
forces, which appear from the interaction between the i and j atoms and
passing through the [ area, were taken into account.

To study the structure of the short-range order in the walls of the
silicene channels under consideration, we used the method of statistical
geometry. It is based on the construction of the combined polyhedra.
The center of the Li" ion moving along the channel is recognized as the
center of each polyhedron of the aforesaid construction. The nearest
neighbors (forming the faces of the combined polyhedron) are Si atoms
belonging to the channel walls. Polyhedra were built every 1000 time
steps. Thus, the obtained statistical characteristics were based on the
construction of 1000 polyhedra. The details of the method and its
verification for the two-dimensional structures are given in work [7].

The roughness R, of the doped silicene sheets was determined
through the average deviation of the Si atoms z coordinates in the sheet
relative to the location of the main z plane

1 & _
Ri=~ ‘zfd 6
N; (6)

here N is the number of nodes (atoms) on the silicene surface, Z; — is the
displacement of the i atom in the direction of the 0z axis, Z is the average
value of the z coordinate for the silicene structure; values of Z; and Z are
determined at the same moment of time [47].

The open-source LAMMPS code for parallel computing in the MD
method was used [48]. All calculations were performed on a URAN
cluster-type hybrid computer at the N.N. Krasovskii Institute of Mathe-
matics and Mechanics UB RAS with a peak performance of 216 Tflop/s
and 1864 CPU.

3. Results and discussions

The interactions between various elements in the model were
calculated based on Morse potentials. The parameters were determined
using quantum mechanical calculations. The correctness of the in-
teractions should primarily affect such characteristics as the binding
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energy E, between Li and silicene, the barrier AE for the diffusion of Li
over the silicene surface, and the diffusion coefficient D of Li atoms.
Fig. 2 shows the binding energy (E,) between Li* ion and Si atoms
forming the walls of the doped silicene channel.

The binding energy between the ion and the channel walls without
and with different doping degrees is in the range of 1.70 < Ej, < 2.09 eV.
This value calculated for the most favorable adsorption sites for the Li
atom on silicene is ~2.1 eV [49]. As the P concentration increases from
3% to 6%, the Ep decreases by 3%. With a further increase in the
phosphorus concentration, the binding energy continues to decrease. It
reaches minimum at the phosphorus concentration of 18%. Most likely,
in systems with 3% and 6% P-doping, the Li* ion occupies energetically
more preferable sites near the channel walls. However, when the degree
of doping is 9% or 18%, the relief of the channel walls changes signifi-
cantly due to the displacement of P atoms inside the channel. At the
same time, the number of preferable sites for the lithium ion adsorption
decreases.

We estimated the diffusion barrier of Li on perfect silicene as 0.17 eV.
In quantum-mechanical calculations, the diffusion barrier of Li was
found to be 0.14-0.26 eV [50].

The diffusion coefficient of lithium ions calculated through the mean
square displacement of these atoms turns out to be weakly correlated
with a phosphorus content in the channel walls (Fig. 3). Li ions in
channel formed of pristine silicene and silicene with mono- or biva-
cancies have fairly close D values. The P atoms that separate from the
channel walls begin to influence strongly smoothing out of the silicene
buckles. Already at 6% P content in silicene, the channel walls become
noticeably straighter, which leads to the increase in the D value. When
doping reaches 9%, the channel straightening is further enhanced and
the D coefficient reaches its maximum value. However, at 18% doping
(hexavacancies were initially filled with P atoms) the value of D drops
sharply due to the presence of a large number of P atoms inside the
channel that interfere with the diffusion of Li*.

The estimated value of the Li* diffusion coefficient in the perfect
silicene channel is 1.2-107° cm?/s. A higher value of the diffusion co-
efficient of the Li* ion on the single-layer silicene was established based
on the first-principles (DFT) calculations (5.0-10° cm?/s) [18]. In turn,
the values of the Df; coefficient in the silicene channels obtained by us
are too high in comparison with the experimentally determined value of
Di in nano-Si (~10"2em?s™ 1) [51].

The first step of the calculations is associated with the study of the
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Fig. 2. Binding energy E;, of the Li atom with doped silicene as a function of
phosphorous dopant; L, II, III, IV - mono-, bi-, tri- and hexavacancies in silicene,
respectively.
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Fig. 3. Diffusion coefficient of Li ions during their movement along the pristine
silicene channel and a two-layer silicene with the P atoms initial filling: I, II, III,
IV - mono-, bi-, tri- and hexavacancies in silicene, respectively.

Li* ion motion in the 3% P-doped silicene channel with various gaps
hg=0.6, 0.7, 0.75, and 0.8 nm. Fig. 4(a) shows the configuration of the
system corresponding to the time moment of 100 ps, hy = 0.6 nm. In this
case, the Li" ion passes the channel along a smooth trajectory with the
slight deviations to the channel walls. Due to the influence of the
modified graphene substrate, the lower (adjacent to the substrate)
channel wall appears to be flatter than the upper wall at the instant of
time 100 ps. However, in the upper wall of the channel, the size of the
buckles also decreases. The straightening of the doped silicene sheets
can be explained by the influence of the impurity, i.e. P atoms. The size
of the P atom is smaller than the size of the Si one. The substitution of P
atoms for Si atoms results in the distance decrease between the majority
of the atoms in the silicene sheet. This causes a reduction in the height of
the buckles in the silicene sheet. Note that the straightening process is
not associated with the loss of stability of monolayer silicene, because
the elastic constants of the second order and Young’s modulus for the
planar silicene indicate its stability [30]. We also observed the effect of
silicene straightening when modeling the motion of the Li* ion in the
silicene channel located between two graphene sheets [43].

Fig. 4(b) shows that the silicene hexagonal structure is not preserved
everywhere. The structure is rearranged in the vicinity of the locations
of P atoms. The phosphorus atoms are pushed onto the sheet surface
from the monovacancy where they were initially located. At the same
time, each monovacancy is transformed into three adjacent 5-membered
rings after 100 ps. In Fig. 4(b) they are marked with dashed circles. Such
behavior of phosphorus in silicene is confirmed in quantum-mechanical
calculations [8]. According to work [8], the most energetically favorable
position of the P adatom in monolayer silicene is the location above the
Si atom (hill site). In this case, the binding energy is maximum and
equals to 5.28 eV. For comparison, when the phosphorus atom is located
above the center of the hexagonal silicon ring (hollow site), the energy
of the Si-P bond is 2.87 eV.

A triple of the closely spaced Si atoms in silicene sheets is formed at
the points where three adjacent five-membered Si rings converge (Fig. 4
(b)). These rings are formed as a result of the disappearance of the
monovacancy, in which the P atom was located. When five-membered
rings appear, the P atom is located above the formed triple of the Si
atoms. The Si-P bond established in the doped silicene is polarized due
to the difference in the electronegativities of the Si and P atoms (1.9 and
2.1, respectively). The nature and degree of polarization of this bond in a
real system are determined by electronic effects caused by the presence
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Fig. 4. (a) Configuration of the system “3% P-doped silicene channel located on the 5% N-doped graphite substrate” including the Li™ trajectory; the gap between the
silicene sheets is 0.6 nm, 1 and 2 are the initial and final points of the Li* trajectory; (b) xy-projection of the top silicene sheet of this system; dashed circles represent
the transformation areas of the P-doped structure; (a) and (b) correspond to a time instant of 100 ps.

of impurities, as well as by the coordination numbers of Si and P atoms
[52]. A single Si-P bond is highly reactive and cleaves easily with
suitable polar compounds. Double Si—P bonds are more stable. As a
result, the five-valent P atom prefers to bind with three closely spaced Si
atoms rather than to attach to six Si atoms at once being located above
the center of the hexagonal Si-cell.

The residence time of the Li™ ion with a further increase in the gap
size of the silicene channel is shown in Table 2. As it can be seen from
Table 2, only at hy = 0.7 nm the ion did not leave the channel during the
observation time. The reason for that was the strong curvature of the
silicene sheets. It prevented the Li" ion from moving through the
channel. We observed the effect of strengthening the silicene sheet after
doping it with phosphorus. So, in the absence of phosphorus in mono-
vacancies, the silicene channel showed less stability when lithium ion
moved along it [40].

The second step of computational experiments was carried out with a
constant gap between the silicene sheets h, = 0.75nm. Such a channel
gap is optimal with respect to the uniformity and completeness of the
filling of the channel with lithium [43]. In the present study, Li* ion
passes through the channel with different doping degrees of the silicene
sheets: 3%, 6%, 9%, 18%. Fig. 5 shows the configurations of the system
“P-doped silicene channel located on the 5% N-doped graphite sub-
strate” with (a) 9% and (b) 18% doping. The configurations correspond
to the time moment of 100 ps.

When doping by phosphorus atoms that filled trivacancies in the
silicene sheets (9% doping), the lithium ion was able to leave the
channel after 83 ps (Table 2). In this case, the silicene walls of the
channel remained undistorted. On the contrary, when hexavacancies in
silicene are doped by phosphorous atoms (18% doping), the ion “stucks”
in the space between the bottom silicene sheet and the top sheet of the
graphite substrate. The Li™ ion could penetrate there through one of the
holes that appeared as a result of the P atoms displacement from va-
cancies. In this case, the channel walls were significantly deformed. At
the doping degree of 6% and 18%, the exit of the ion from the channel
was not observed for the time of 100ps (Table 2). The quantum-
mechanical calculations [18] show that the Li* ion can move freely
both along the surface of the silicene sheet and with stopping at different

hollow positions (in the center of the hexagonal silicon ring). In the first
case, the Li" ion needs to overcome an energy barrier of 0.25 eV, and in
the second case, 1.2eV. Thus, the preferred trajectory for Li* is the
movement along the surface of the silicene sheet, which we observe in
the present MD calculations when Li™ moves in the Si channel.

The configurations of the silicene channel obtained by the time
moment of 100 ps with 6% and 18% P-doping are shown in Fig. 6 in two
views. The silicene sheets have a slight distortion at 6% phosphorus
doping (Fig. 6(a)). Fig. 6(a) shows the formation of oval multi-
membered rings instead of the bivacancies locations. In this case, P
atoms adjacent to holes, which occupy locations over the triples of Si
atoms, appear. In the vicinity of each P atom, 5- and 8-membered cyclic
formations formed. Ab initio MD simulation [8] showed that the system
is stable for at least 2 ps after substitution of Si atoms by P atoms. Similar
behavior of bivacancies in the undoped silicene structure was confirmed
by the density functional theory method [53]. The appearance of closed
cyclic formations made it possible to minimize the number of dangling
bonds. It is believed that the bivacancy is the most energetically pref-
erable structural defect comparing with another vacancy defect in sili-
cene [54]. In addition, the presence of bivacancies in planar silicene
leads to the appearance of a significant magnetic moment. It is not
observed in the case of silicene with monovacancies [55]. Moreover, if
the bivacancies in silicene are filled with phosphorus atoms, the mag-
netic moment is preserved.

The front view of the channel presented in the inset of Fig. 6(a) shows
a significant distortion of the channel in the area of the right edge. This
circumstance, obviously, caused the stuck of the Li* ion in the Si channel
with 6% degree of doping.

In the case of 18% doping of silicene, the significant structural
rearrangements in the areas of defects location in the silicene sheets is
observed. Also, the change in the channel shape is vividly seen (Fig. 6
(b)). The phosphorus atoms (that were originally inside the hex-
avacancies) are located along the perimeter of the hexavacancies at a
time moment of 100 ps. In the inset of Fig. 6(b), the bending of the
channel in its central part, that caused the stuck of the Li" ion in the
channel, is seen. The motion of the Li" ion shows that the silicene sheets
were already significantly distorted by the time instant of 20 ps. The

Table 2
The residence time of the lithium ion in the phosphorus-doped silicene.
Gap in the silicene channel, nm 0.6 0.7
Phosphorus concentration in the silicene 3% 3%
sheets
t, ps 52 the ion doesn’t leave the

channel

0.75
3%

106

0.8
3%

0.75
6%

0.75
9%

0.75
18%
24

83 the ion doesn’t leave the

channel

the ion doesn’t leave the
channel
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Fig. 5. Trajectories of the Li" ion under the external electric field in the channel formed by the P-doped silicene sheets located on the 5% N-doped graphite substrate;
1 denotes the initial and 2 denotes the final points of Li" trajectory; phosphorus content in the silicene sheets: (a) 9%, (b) 18%; (a) and (b) correspond to a time

instant of 100 ps.
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Fig. 6. Xy-projections of the top silicene sheets of the systems “P-doped silicene channel located on the 5% N-doped graphite substrate”; phosphorus content: (a) 6%,
(b) 18%; inserts show (under small representing angle) zx-projections of the corresponding doped silicene channels; (a) and (b) correspond to a time instant of 100 ps.

greater is the silicene doping degree, the more difficult it is for the Li*
ion to pass through the channel. However, on the other hand, the sili-
cene sheets are significantly strengthened when the doping degree is up
to 9% inclusive. In all systems under consideration, N-doped graphene
sheets forming a graphite substrate have edge distortions but remain
stable throughout the calculation time.

The horizontal and vertical stresses arising in the silicene sheets with
different doping as a result of the lithium ion movement are shown in
Fig. 7. Stresses in the «zig-zag» (a) and (b) and «armchair» (c) and (d)
directions are comparable to each other. They do not exceed the tensile
strength of silicene under the uniaxial tension (12.5GPa) [56]. The
greatest o, stresses in the «zig-zag» direction are located at the edges of
the silicene sheets. The maximum values of o,y stresses are localized in
the direction of the «armchair» mainly in the central part of the silicene
sheets. The o,, stresses are distributed evenly in both directions. The
behavior and magnitudes of stresses in different directions in the doped
silicene sheets are comparable with stresses in the perfect and defective
undoped 2D Si structures located on different metal substrates (Ag, Cu,
Al, Ni) [57,58].

One of the main characteristics of the statistical geometry method is

the angular distribution of the nearest geometric neighbors (9-distribu-
tion). In this study, we consider the 6 angles formed by the pairs of the
nearest Si neighbors and the center of the polyhedron (vertex of the
angle). The obtained #-distributions for the silicene channels under
consideration are presented in Fig. 8. The dependence of the -distri-
bution on the gap size of the silicene channel is shown in Fig. 8(a). The
influence of the doping degree of the silicene sheets can be estimated
from Fig. 8(b). The peaks in the 6-distribution show the crystallinity of
the packing. The continuous spectrum suggests the presence of struc-
tural irregularity. Sharp peaks at the angles of ~30°, 60°, and 90° are
present almost in all ¢-distributions. Moreover, the system with 3%
doped silicene sheets and the gap size of 0.75 nm has the spectrum with
lots of sharp peaks. All presented #-spectra in Fig. 8 show the presence of
significant irregularity in the crystal structure of the P-doped silicene
sheets. None of the peaks in these distributions are fully resolved. The
obtained #-spectra never extend to angles § ~180°. The truncated
#-spectrum suggests that the Li" ion is mostly localized near one of the
silicene channel walls.

In [58], the structure of silicene calculated by the DFT method could
change as a result of the deposition of lithium on a silicene sheet in the
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with different gaps, (b) for the channel with the gap of 0.75 nm and different phosphorus concentrations; the Li* ion motion along the channel during 100 ps is used

the mass deposition of lithium on the channel walls was beyond the
scope of the present research. As follows from Fig. 9, the silicene

as a probe.
structure with the phosphorus content of 9% is rapidly rearranged

form of atomic chains. Modulations (such as were described by S. Xu
et al. [58]) of the local structure of silicene caused by the Li" ion passage
through the channel, were not observed, probably due to the fact that
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Fig. 9. Xy-projections of the bottom silicene sheet with the phosphorus content of 9% of the system “P-doped silicene channel located on the 5% N-doped graphite

substrate™ corresponding to the time instants: (a) 10 ps and (b) 100 ps.

(already after 10 ps) due to the release of P atoms from their initial sites.
Then, the structure of doped silicene slowly evolves as the Li* ion moves
along the channel. We observed a similar picture of the structural
relaxation of silicene at a phosphorus concentration of 3% and 6%.

The roughness R, of the two-dimensional Si sheets characterizes the
non-flat structure of silicene [18]. The value of R, is shown in Fig. 10
depending on the doping degree of the silicene sheets. The bottom sili-
cene sheets have the lower buckling than the top ones. This effect can be
observed visually in the inset in Fig. 10. It shows the zx-projection of the
silicene channel with 9% P-doping (when trivacancies are filled with
phosphorus). The vertical deviations of the Si atoms in the top sheet are
much higher compared to the bottom sheet. This is primarily due to the
stabilizing action of the graphite substrate on the bottom sheet. The
channel formed from the silicene sheets with 18% P-doping has the
highest roughness value. This fact proves the presence of the tendency
for the destruction of the silicene channel with 18% P-doping (when
phosphorus atoms fill hexavacancies).

Silicene with trivacancy

0,07 4

0,06 4

0,054 .

R, (nm)

0,04 4 "

\

0,03 4

0,024

3% 6% 9% 18%
Phosphorus concentration in the silicene sheets

Fig. 10. Roughness of the top (1) and bottom (2) silicene sheets of the system
“P-doped silicene channel located on the 5% N-doped graphite substrate” with
different phosphorus concentrations; insert shows zx-projection of the silicene
channel with the 9% phosphorus concentration.

4. Conclusion remark

The molecular dynamics method was used to study the motion of the
lithium ion along the silicene channel. The Si walls of the channel were
doped with phosphorus in the amount of 3%, 6%, 9%, and 18%. The
channel located on the graphite substrate with 5% nitrogen doping. The
gap between the sheets of the channel varied in the range of 0.6-0.8 nm.
It was shown that the Li™ ion can pass through the channel and leave it
or get stuck inside it, which was found to depend both on the configu-
ration of the channel and on the doping degree of the Si walls. By the end
of the calculation (100 ps), phosphorus atoms (which initially filled
mono-, bi-, tri-, and hexavacancies in silicene) were displaced onto the
surface of the silicene sheets, mainly inside the channel. As a result of
such a rearrangement, closed Si-Si formations appear in the places
where P atoms were previously located. The silicene sheets are not
destroyed during the computer experiment. The system with the silicene
channel which has the 18% P-doped walls is an exception. The Li* ion
cannot pass through such channel. There are no significant structural
changes in the N-doped graphene sheets forming the N-graphite
substrate.

The binding energy of lithium atoms with doped silicene continu-
ously decreases with an increase in the phosphorus concentration in the
silicene channel walls. The diffusion coefficient of lithium atoms in the
channel has a complex dependence on the degree of doping of the
channel walls. An increase in D can be associated with the straightening
of the walls of the silicene channel due to P-doping. A decrease in D can
be caused by the penetration of a significant number of P atoms into the
channel.

The stresses arising in the horizontal and vertical directions are
comparable for all the systems under consideration. Moreover, neither
the size of the gap between the silicene channel sheets nor its doping
degree affect the stresses significantly. The greatest stresses in the «zig-
zag» direction of the silicene sheets are located at the edges of the sheets.
The maximum stresses in the «armchair» direction are observed in the
central part of the Si sheets. An analysis of the structure of the sheets of
the silicene channel shows the presence of a certain degree of disorder in
their crystal structure. The roughness of the silicene sheets has a mini-
mum at 9% P-doping of the top silicene sheet and at 6% P-doping of the
bottom sheet. Moreover, the bottom wall of the channel is smoother in
all cases due to the influence of the graphite substrate. When the
phosphorus concentration is 18%, a sharp increase in roughness, that
indicates a tendency for destruction of the silicene channel, is observed.

Doping silicene with phosphorus, which shortens the height of the
buckles in silicene and strengthens defective silicene sheet, seems to be
an important tool for to increase the performance of an anode made of
this material.
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